Neurogenin 3 (Ngn3) is key for endocrine cell specification in the embryonic pancreas and induction of a neuroendocrine cell differentiation program by misexpression in adult pancreatic duct cells. We identify the gene encoding IA1, a zinc-finger transcription factor, as a direct target of Ngn3 and show that it forms a novel branch in the Ngn3-dependent endocrinogenic transcription factor network. During embryonic development of the pancreas, IA1 and Ngn3 exhibit nearly identical spatio-temporal expression patterns. However, embryos lacking Ngn3 fail to express IA1 in the pancreas. Upon ectopic expression in adult pancreatic duct cells Ngn3 binds to chromatin in the IA1 promoter region and activates transcription. Consistent with this direct effect, IA1 expression is normal in embryos mutant for NeuroD1, Arx, Pax4 and Pax6, regulators operating downstream of Ngn3. IA1 is an effector of Ngn3 function as inhibition of IA1 expression in embryonic pancreas decreases the formation of insulin-and glucagon-positive cells by 40%, while its ectopic expression amplifies neuroendocrine cell differentiation by Ngn3 in adult duct cells. IA1 is therefore a novel Ngn3-regulated factor required for normal differentiation of pancreatic endocrine cells.
Introduction
The first morphological signs of the primitive pancreas emerge as dorsal and ventral protrusions of the primitive gut epithelium (Slack, 1995) at embryonic day (E) 9.5 in the mouse. Subsequently, all lineages defining the various pancreatic cell types, comprising endocrine islet and exocrine acinar and duct cells, are formed from a multipotent progenitor cell pool expressing the transcription factor Pdx1 (Gu et al, 2002) . This process is regulated by a cascade of transcription factors that initiate and maintain the distinct genetic programs (Wilson et al, 2003; Jensen, 2004) . The basic helix-loop-helix transcription factor Ngn3 is transiently expressed in a subset of the pancreas progenitor cells from E9.5 to E18.5 and initiates the differentiation program of all islet cells (Apelqvist et al, 1999; Gradwohl et al, 2000; Jensen et al, 2000; Schwitzgebel et al, 2000; Gu et al, 2002) . Homozygous Ngn3-null mice thus fail to develop endocrine islet cells (Gradwohl et al, 2000) and premature or ectopic expression of Ngn3 in embryonic endoderm is sufficient to initiate endocrine cell differentiation (Apelqvist et al, 1999; Schwitzgebel et al, 2000; Grapin-Botton et al, 2001) . The specification of different islet cell types and the completion of the differentiation process require the activation of transcription factors that are downstream of Ngn3. Of these regulatory factors NeuroD1, Pax4 and Nkx2.2 are direct targets of Ngn3 (Huang et al, 2000; Smith et al, 2003; Watada et al, 2003) . Together with Nkx6.1 and Arx they act early in the differentiation/specification process (Sander et al, 2000; Collombat et al, 2003 Collombat et al, , 2005 . Arx and Pax4 are required for the specification of the a-and b-cell lineage, respectively Collombat et al, 2003 Collombat et al, , 2005 . Further differentiation and maintenance of the endocrine phenotype depends on the activity of other transcription factors such as Isl1 and Pax6 (Ahlgren et al, 1997; Sander et al, 1997; St-Onge et al, 1997) . Despite these findings, the precise genetic program controlling the differentiation of islet progenitors into beta cells remains unclear. Such knowledge is essential to generate functional beta cells in vitro for cell replacement therapy in type I diabetes. Ectopic expression of Ngn3 in adult human pancreatic duct cells supported this concept by activating the genes encoding Pdx1, NeuroD1, Pax4, Pax6, Nkx6.1 and Nkx2.2 and transdifferentiating duct cells into a b-cell-like phenotype, albeit with low levels of insulin (Heremans et al, 2002) .
In order to identify novel target genes of Ngn3, the transcriptome of adult human duct cells ectopically expressing Ngn3 was analysed on gene chips (Bonné et al, unpub-lished data). Among the genes most prominently induced by Ngn3 was that encoding the zinc-finger type transcription factor 'insulinoma associated 1' (IA1 or INSM1). IA1 was previously shown to be expressed in insulinoma and other endocrine tumours and cell lines, human embryonic pancreas and mouse nervous system (Goto et al, 1992; Lan et al, 1993; Zhu et al, 2002; Breslin et al, 2003; Pedersen et al, 2003) . So far neither the expression pattern of IA1 nor its function during pancreas development have been addressed directly. The present study reveals that IA1 is transiently expressed in similar cells as Ngn3 during pancreatic development and shows that the IA1 gene is directly regulated by Ngn3 but not by other endocrine lineage transcription factors. It also provides evidence that IA1 ensures an essential stimulatory signal for proper formation of b-and a-cells.
Results
The zinc-finger transcription factor IA1 is a Ngn3 target Novel targets of the endocrinogenic master switch transcription factor Ngn3 were identified by analysis of the transcriptome of adult human pancreatic duct cells transduced with recombinant adenovirus expressing either Ngn3-GFP or GFP (Bonné et al, in preparation) . IA1 (INSM1), a zinc-finger transcription factor in neoplastic b cells (Goto et al, 1992) , was among the genes activated most strongly by Ngn3. Induction of IA1 preceded the expression of Pax4, NeuroD1 and Nkx2.2, which are direct targets of Ngn3 ( Figure 1A ) (Huang et al, 2000; Heremans et al, 2002; Smith et al, 2003; Watada et al, 2003) and essential for endocrinogenesis in the embryonic pancreas (Naya et al, 1997; Sosa-Pineda et al, 1997; Sussel et al, 1998) . IA1 gene expression in adult duct cells becomes apparent at approximately 15-17 h following transduction, when the ectopic Ngn3 protein is first detected ( Figure 1A and B). The appearance of IA1 mRNA in AdHANgn3-infected duct cells could be a consequence of Ngn3-induced activation of NeuroD1, since NeuroD1 is induced by Ngn3 (Huang et al, 2000) and because the proximal E3 box of the IA1 promoter is a reported target of the basic helix-loop-helix heterodimer NeuroD1/E47 (Breslin et al, 2003) . However, IA1 was turned on by Ngn3 much earlier than NeuroD1 ( Figure 1A ) and IA1 transcripts were present at only low abundance 4 days following infection with AdNeuroD1 ( Figure 1D ). When expressed in adult human pancreatic duct cells at similar levels as Ngn3 or NeuroD1, other developmental transcription factors such as Foxa1, Foxa2, Pdx1, Pax4, Pax6, Nkx6.1 and Nkx2.2 failed to induce IA1 expression ( Figure 1C ). These data indicate that Ngn3 is a positive regulator of IA1, and this effect is unlikely to be mediated exclusively by NeuroD1 as an intermediary effector.
We next examined whether Ngn3 directly regulates the transcription of the IA1 gene. IA1 promoter-driven luciferase activity was increased in 293 cells when the reporter was cotransfected with a Ngn3 expression plasmid (Figure 2A ). The extent of increase was similar to that observed in cells cotransfected with NeuroD1 and the reporter construct, in line with the observations by Breslin et al (2003) . Supertransfection with cDNA encoding E47 did not influence the outcome of these experiments (data not shown). To establish whether Ngn3 binds directly to the IA1 gene promoter in vivo, chromatin immunoprecipitation was performed using adult human duct cells transduced with either AdHANgn3 or AdGFP. Genomic DNA was sheared to 200-1000 bp prior to immunoprecipitation ( Figure 2B ). Promoter regions of the IA1 and NeuroD1 genes but not control gene fragments from BRCA1 or CTLA4 were coimmunoprecipitated by HANgn3 ( Figure 2C ). Taken together, these results show that IA1 is a novel direct target of Ngn3, and hence becomes activated during the Ngn3-induced transdifferentiation program in adult human duct cells.
Transient expression of IA1 in islet progenitor cells of the mouse embryonic pancreas
Since Ngn3 is not expressed in normal adult human or mouse pancreas (Gradwohl et al, 2000; Jensen et al, 2000; Schwitzgebel et al, 2000) , our findings on Ngn3-dependent induction of IA1 prompted characterization of IA1 gene expression in embryonic mouse pancreas. At embryonic day E10.5, IA1 is detected in scattered cells ( Figure 3A) . Its highest expression levels are reached at E15.5 and subsequently decrease below detection limits from E18.5 ( Figure 3A-D) , correlating well with the timing of Ngn3 expression (Gradwohl et al, 2000) . At embryonic day E15.5, IA1 transcripts were also observed in the duodenum and stomach, as well as in thymus, thyroid and adrenal glands ( Figure 3E ). In addition, IA1 is expressed in regions of the developing forebrain, midbrain and hindbrain, and the spinal cord ( Figure 3E ). In situ hybridization on adjacent cryo-sections showed that the spatio-temporal expression pattern of IA1 is similar to that of Ngn3 and partially overlapping with NeuroD1 ( Figure 3F -H). In agreement with this observation, some cells express Ngn3 but not yet IA1, and IA1 transcripts appeared in undifferentiated cells that contain Ngn3 protein ( Figure 3I ). However, while no Ngn3-positive cells coexpressed islet hormones (Gradwohl et al, 2000) , rare IA1-positive cells contained insulin or glucagon ( Figure 3C , arrow), suggesting that the appearance of IA1 lags behind that of Ngn3 in the islet precursor cells. 
IA1 expression is selective in the endocrine lineage and depends on Ngn3
To determine conclusively whether IA1 is expressed selectively in islet progenitors or also in immature acinar or duct cells, IA1 expression was examined in Ngn3 knockout mice that lack all types of islet cells (Gradwohl et al, 2000) . No IA1-expressing cells were detected in pancreas of the Ngn3 null mutants ( Figure 4A and B), ascertaining that IA1 is exclusively expressed in the endocrine lineage of the embryonic pancreas. Furthermore, it supports that Ngn3 is necessary to induce IA1 not only in transdifferentiating adult duct cells in vitro but also in embryonic progenitor cells in vivo.
As mentioned earlier, data obtained by others (Breslin et al, 2003) and ourselves ( Figure 1C and D) indicate that NeuroD1 may also activate IA1 transcription. We therefore analysed the expression pattern of IA1 and Ngn3 on adjacent cryosections of pancreas from mouse embryos that were null mutant for NeuroD1 ( Figure 4C and D) . We also assessed embryos deficient for other key developmental transcription factors acting downstream of Ngn3, namely Pax4, Arx and Pax6 ( Figure 4E -J) St-Onge et al, 1997; Huang et al, 2000; Collombat et al, 2003 Collombat et al, , 2005 . IA1 and Ngn3 have a similar expression pattern both in NeuroD1 mutant and wild-type embryonic pancreas ( Figure 4C and D versus Figure 3F and G). This observation demonstrates that NeuroD1 is not essential for the expression of both IA1 and Ngn3 ( Figure 4C and D) . In addition, the expression of mRNAs encoding IA1 or Ngn3 is also not affected in the islet precursors of Pax4 À/À ( Figure 4E and F), Arx À/À ( Figure   4G and H) or Pax6 À/À ( Figure 4I and J) mutant mice. These results show that IA1 is exclusively expressed in the Ngn3-dependent cellular lineage and that its expression is dependent on Ngn3 but not on known downstream regulators. Together with data indicating that Ngn3 occupies the IA1 gene, these findings place IA1 at a discrete early step subsequent to Ngn3 in the regulatory cascade that drives pancreatic endocrine differentiation.
IA1 is an essential regulator of endocrine cell generation in the embryonic mouse pancreas
To further clarify the role of IA1 in pancreatic endocrine development, tissue explants from E12.5 pancreas were cultured under conditions that allow endocrine cell differentiation and islet cell formation (Miralles et al, 1998; Mellitzer et al, 2004) . The pancreatic rudiments were isolated from mice expressing the enhanced green fluorescent protein (eGFP) as a reporter under control of the Ngn3 promoter and thus enable tracing of endocrine progenitor cells (data not shown). Explants were incubated with IA1-specific antisense oligonucleotides of the morpholino-type to inactivate IA1 translation. Although antisense oligonucleotide technology to knockdown specific gene expression in embryonic pancreas in vitro has been reported before (Prasadan et al, 2002; Li et al, 2004) , we validated the uptake of biotinylated morpholinos by immunostaining ( Figure 5B and B 0 ) and observed a gradient towards the inside of the explant. Two antisense oligonucleotides of the morpholino-type were designed (sequence under Materials and methods) to target different segments of the IA1 mRNA sequence. Antisense or control oligonucleotides were incubated with the pancreatic explants during the entire period of culture. As compared to nontreated explant cultures, presence of the control morpholino oligonucleotides ( Figure 5A -E) did not alter growth rate (unpublished data) or normal cell differentiation. However, while differentiation of exocrine cells was not affected by the antisense morpholinos, as shown by immunostaining of amylase-positive cells ( Figure 5E 0 ), both anti-IA1 oligos reduced the total number of cells containing immunoreactive glucagon or insulin to a similar extent, that is, 40% ( Figure  5D 0 and F).
IA1 enhances transdifferentiation of adult human pancreatic duct cells
As ectopic expression of Ngn3 recapitulates embryonic endocrinogenesis in adult pancreatic duct cells (Heremans et al, 2002) , the capacity of the direct Ngn3 target IA1 to induce or Figure 6A ). As IA1 was originally characterized as a transcriptional repressor , its interaction with Ngn3-induced gene expression mediating endocrine cell development or function was analysed by normal ( Figure 6B ) and real time ( Figure 6C ) RT-PCR. Coexpression of Ngn3 and IA1 in duct cells enhanced the induction of the Ngn3 target genes NeuroD1, Pax4 and Nkx2.2 by 2-6-fold depending on the target gene (n ¼ 3, Po0.05) ( Figure 6C ). These observations thus suggest that IA1 and Ngn3 act in concert to stimulate the endocrinogenic program in the pancreas.
Discussion
The development of the pancreas requires the sequential expression of a number of transcription factors. While Pdx1 defines the region of the primitive gut tube that will give rise to the pancreas, Ngn3 is subsequently expressed in a subset of pancreas progenitor cells and is essential for their differentiation into endocrine cells (Apelqvist et al, 1999; Gradwohl et al, 2000; Schwitzgebel et al, 2000; GrapinBotton et al, 2001) . Specification and further differentiation of the islet cell types is controlled by target genes of Ngn3, many of which are still unknown. The present paper describes the IA1 gene as a novel, direct Ngn3 target and the encoded zinc-finger transcription factor as a positive regulator of endocrine specification. In addition, we provide evidence for the essential role of IA1 for b-and a-cell differentiation in the embryonic pancreas and position IA1 downstream of Ngn3 and parallel with NeuroD1 in the network of developmental transcription factors that regulate endocrine differentiation.
IA1 is an immediate Ngn3 target transiently expressed in the endocrine progenitor cells of the pancreas
In an effort to understand the precise mechanisms whereby Ngn3 activates the formation of b cells, we screened for intermediary effectors of Ngn3 function. By micro-array analysis, IA1 was identified as an Ngn3-induced gene in duct cells expressing exogenous Ngn3. Indeed, IA1 was found to be expressed in a similar subset of cells as Ngn3 in E14.5 pancreas, however without a complete overlap: in
and its transcript remained present in cells where Ngn3 mRNA has already disappeared (Ngn3 À IA1 þ ), suggesting the existence of a positive (auto)regulatory feedback loop. Moreover, a strong enrichment of the IA1 transcript was also observed in gene chip experiments on eYFP þ islet progenitor cells purified from E15.5 embryonic pancreas of Ngn3 eYFP/ þ mice (Mellitzer et al, 2004; G Mellitzer and G Gradwohl unpublished data) . Remarkably, previous reports did not observe IA1 expression in Ngn3-enriched islet progenitor cells of mouse (Gu et al, 2004) or in Ngn3-transduced transdifferentiating mPAC L20 cells (Gasa et al, 2004) . Of all gene chips used in these studies, only the MU74Av2 microarray that was used in some experiments by Gu et al (2004) contains one set of probes complementary to IA1. Earlier studies based on in vitro binding assays and transient transfection analysis of a 1.7 kb IA1 promoterreporter fragment indicated that IA1 expression can be regulated by NeuroD1 Breslin et al, 2003) . Our results provide several arguments that compellingly demonstrate that Ngn3, rather than NeuroD1 or other intermediary factors, directly acts as a major regulator of IA1 expression in differentiating pancreatic cells. First, the pattern of expression of IA1 in the embryonic pancreas closely correlates with that of Ngn3, and only to a lesser extent with that of NeuroD1. Second, IA1 expression is lost in the Ngn3 knockout mouse but appears normal in the developing endocrine pancreas and central nervous system (data not shown) of NeuroD1 null mutant mice. Similarly, IA1 expression is not affected in embryonic pancreas of Arx, Pax4 and Pax6 knockout mice. Third, although ectopic expression of NeuroD1 can activate an IA1 promoter-reporter in transient transfection assays, there is only minor induction of endogenous IA1 gene expression after NeuroD1 transduction in adult pancreatic duct cells. This effect is in contrast to the robust response elicited by Ngn3. Fourth, activation of the IA1 gene by ectopic expression of Ngn3 precedes the induction of previously reported direct target genes of Ngn3 such as Pax4, NeuroD1 and Nkx2.2 (Huang et al, 2000; Smith et al, 2003; Watada et al, 2003) . With the exception of weak activation of endogenous IA1 by NeuroD1, ectopic expression of pancreatic developmental transcription factors other than Ngn3 did not induce IA1 in adult human duct cells. Finally, NeuroD1-independent activation and binding of the IA1 promoter by Ngn3 was supported by transient promoter-reporter assays and chromatin immunoprecipitation analysis. These findings thus identify IA1 as an entirely novel limb of the Ngn3-dependent network. Nonetheless, although NeuroD1 is The level of transcripts shown in (B) was quantified by real-time RT-PCR using specific Taqman probes as described in 'Materials and methods' and revealed a 2-6-fold increase in target mRNA following cotransduction of adult duct cells with Ngn3 and IA1 as compared to transduction with Ngn3 alone (n ¼ 3). Statistical significance of the data was determined by unpaired, two-tailed Student's t-test.
not essential for IA1 gene activity in pancreatic cells, our results and earlier data suggest that NeuroD1 can act as a positive regulator of IA1. This suggests a feedforward loop whereby Ngn3 activates both IA1 and NeuroD1, and the latter may further enhance Ngn3-induced IA1 gene activation.
IA1 expression in endocrine cell progenitors is necessary for optimal differentiation into insulinand glucagon-expressing islet cells
In the rat amphicrine cell line AR42J, IA1 expression correlates with its conversion to insulin-positive cells and the appearance of NeuroD1 and other b-cell-specific transcription factors . IA1 transcripts are also observed in human embryonic pancreas and in progenitors of endocrine mouse pancreas (present study). Although in earlier studies IA1 has been described as a repressor of NeuroD1 expression , it is obvious from the present study that cotransduction of IA1 and Ngn3 in duct cells enhanced rather than inhibited the Ngn3-associated effects of transdifferentiation, resulting in higher expression levels of proendocrine genes and (neuro)endocrine markers including NeuroD1. However, as compared to ectopic expression of Ngn3 alone, Ngn3 and IA1 together did not increase the amount of insulin in the transduced adult duct cells. Moreover, Ngn3-inducible genes were not affected by IA1 transduction alone, excluding that IA1 simply acts as an immediate downstream relay of Ngn3 function. Direct evidence for a role of IA1 in endocrine differentiation during embryonic development was provided by a severely decreased number of insulin-and glucagon-positive cells in embryonic explant cultures when incubated with IA1-specific antisense oligonucleotides.
In conclusion, the activation of IA1 immediately downstream of Ngn3, but independently of NeuroD1 and other Ngn3-dependent regulators, uncovers a new regulatory branch in the program of endocrine differentiation in pancreas. This finding underscores the complexity of the Ngn3-dependent endocrinogenic network, as opposed to a simple lineal hierarchy. How exactly IA1 activates the differentiation program in the endocrine pancreas and whether it functions primarily as a transcriptional activator or repressor may become clear by identification of its genomic targets.
Materials and methods

Culture and genetic manipulation of adult duct cells and embryonic pancreas
Adult human duct cells were obtained and cultured as described previously (Heremans et al, 2002) . Duct cells were transduced with recombinant adenovirus containing the full-length cDNA of human IA1 subcloned in pAdTrackCMV that also encodes eGFP (He et al, 1998) . AdHANgn3 encodes murine Ngn3 fused at the 5 0 end to a HA-tag and subcloned in pAdTrackCMV or in pShuttleCMV that does not express GFP. Adenoviral multiplicity of infection (MOI) was 50, unless stated otherwise. Dorsal pancreases were dissected from E12.5 Ngn3-eGFP embryos and pancreatic epithelium was separated from its surrounding mesenchyme as described (Mellitzer et al, 2004) . Epithelium was supplemented with biotinylated IA1 antisense 1 (5 0 -GCATGTT GGCGCGGTGAAAAGGGCG-3 0 ), IA1 antisense 2 (5 0 -GGTCCCACCTC CGTGCTCGGCCCTG-3 0 ) or standard missense (5 0 -CCTCTTACCTCA GTTACAATTTATA-3 0 ) oligonucleotides (20 mM) of the morpholino-type (Gene Tools, LCC) and partial medium changes were performed daily for 4 days.
Construction of Ngn3-eGFP mice
To generate the Ngn3 promoter-eGFP construct, a 6.87 kb XbaI-XhoI fragment (6696 bp of 5 0 genomic and untranslated region sequences and 176 bp of Ngn3 coding region) of mouse Ngn3 genomic DNA (Gradwohl et al, 2000) was cloned upstream of the IRES-EGFP-pA sequence. The 8.46 kb Ngn3-eGFP insert was released by SalI digestion and microinjected into murine oocyte pronuclei at the ICS (Mouse Clinical Institute), Illkirch (France). Three independent transgenic lines were generated and maintained by crossing into a CD1 outbred background. Transgenic progeny were identified by PCR as in Mellitzer et al (2004) .
Protein analysis
Immunohistochemistry and immunofluorescence on cryosections of mice embryos and explants of embryonic pancreas as well as immunoblots were performed as described previously (Heremans et al, 2002; Mellitzer et al, 2004; Martin et al, 2005) . The following primary antibodies (dilution) were used: rabbit anti-GFP (1:500, Molecular Probes), guinea-pig anti-insulin (1:1000, Sigma), guineapig anti-glucagon (1:2000, Sigma), rabbit anti-a-amylase (1:1000, Sigma) and rabbit anti-HA (1:1000, Clontech). Secondary antibodies were Alexa 488 anti-rabbit (1:1000, Molecular Probes), Cy3 anti-guinea-pig (1:1000, Jackson ImmunoResearch Labs) and horseradish peroxidase-coupled anti-guinea-pig (1:200, Vector Labs) and anti-rabbit (1:1000, GE Healthcare). For immunofluorescence, nuclei were stained with DAPI at 1:10 000 and mounted in Aquapolymount (Polysciences). For immunohistochemistry, endogenous peroxidase activity was blocked by incubation in 0.5% H 2 O 2 diluted in Methanol. The signal was detected using a Vectastain Elite ABC Kit (Vector Laboratories) in combination with a DAB chromogen (DakoCytomation). Slides were dehydrated and mounted in Eukitt (Euromedex). Imaging and quantitative analyses were as in Mellitzer et al (2004) or using Zeiss Axiophot equipped with an Olympus Colour View camera and Olympus DP-Soft 5.0 . Each value in Figure 5 represents the mean absolute number of insulin-, glucagon-and eGFP-positive cells (7standard error) of, respectively, 4 (morpholino 1) and 3 (morpholino 2) independent experiments, 3-4 explants per experiment. Final cell counts were normalized to the measured surface area of the explant.
RNA analysis
RNA isolation, cDNA synthesis and RT-PCR were carried out as described previously (Heremans et al, 2002) . For primer sequence and amplicon length on a cDNA or genomic DNA template, see Supplementary Table I . Real-time RT-PCR used Taqman technology on cDNA from three independent transduction experiments, an ABI Prism 7700 Sequence Detector (Applied Biosystems), and data were analysed using the Sequence Detection Systems Software, Version 1.9.1 (Applied Biosystems). Human-specific Assays on Demand (Applied Biosystems) were used for analysis of NeuroD1, Pax4, Nkx2.2 and b-actin.
In situ hybridization was carried out on 10 mm cryostat sections as described in Cau et al (1997) , and in some cases followed by immunohistochemistry. cRNA probes specifically recognized Ngn3 (Gradwohl et al, 2000) , NeuroD1 (Fode et al, 1998) and IA1 (transcribed from a 1.7 kb mouse cDNA; Image clone 570515, 12703_h20). BrdU incorporation (12 h pulse) and detection experiments were carried out as in Martin et al (2005) .
Promoter-reporter assays
The dual luciferase reporter system was used for promoter activity measurements according to the manufacturer's instruction (Promega, Madison, WI). A 1687-bp human IA1 promoter fragment (À1656 to þ 30) was cloned in the pGL3 vector driving expression of the firefly luciferase reporter gene. pRLCMV encodes Renilla luciferase and was used as an internal control for transfection efficiency. Expression constructs contained mouse HA-tagged Ngn3 cDNA or nontagged rat NeuroD1. 293 cells were seeded at 70% confluency and transfected with appropriate plasmids using Lipofectamine 2000 (Invitrogen). The total amount of plasmid was kept constant between transfections. All transfections were carried out in triplicate and repeated at least three times. Cells were lysed 48 h following transfection and processed for analysis.
Chromatin immunoprecipitation assay Approximately 2 Â10
6 transduced human duct cells were used per immunoprecipitation assay as described (Parrizas et al, 2001) , with several modifications. After fixation in 1% formaldehyde, cells were washed twice with cold phosphate-buffered saline and swelled on ice for 10 min in 25 mM HEPES, pH 8, 1.5 mM MgCl 2 , 10 mM KCl, 0.1% NP-40, 1 mM DTT and 1 Â protease inhibitor cocktail (Roche). Following dounce homogenization, the nuclei were collected and resuspended in 1 ml sonication buffer containing 50 mM HEPES, pH 8, 140 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate, 0.1% SDS and 1 Â protease inhibitor cocktail, and DNA was sonicated on ice to an average length of 200-1000 bp. After addition of 1% Triton X-100, samples were centrifuged at 13 000 r.p.m. and precleared with 90 ml mix of protein A þ G-Sepharose (1:1). Precleared chromatin was immunoprecipitated with 5 mg mouse anti-HA (Roche) overnight at 41C, after which 3 mg rabbit anti-mouse IgG (Sigma) was added for 4 h at 41C. Control immunoprecipitations were performed with rabbit anti-mouse IgG. Immune complexes were collected by adsorption to 30 ml of protein A þ G-Sepharose for 3 h at 41C. Beads were washed and immunocomplexes were eluted essentially as described (Parrizas et al, 2001) . Chromatin was precipitated with ethanol, treated with 20 mg proteinase K and purified with Qiaquick PCR purification columns (Qiagen). Immunoprecipitated DNA (2 ml) and serial dilutions of the 10% input DNA (1:15, 1:45 and 1:135) were analysed by PCR under nonsaturating conditions using primers encompassing functional E-boxes from the 5 0 flanking regions of the human NeuroD1 and IA1 genes, or from the BRCA1 and CTLA4 genes. For primer sequences, see Supplementary Table II .
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